We report the identification and characterization of eight yeast mitochondrial tRNA mutants, located in mitochondrial tRNA Gln , tRNA Arg2 , tRNA Ile , tRNA His , and tRNA Cys , the respiratory phenotypes of which exhibit various degrees of deficiency. The mutations consist in single-base substitutions, insertions, or deletions, and are distributed all over the tRNA sequence and structure. To identify the features responsible for the defective phenotypes, we analyzed the effect of the different mutations on the electrophoretic mobility and efficiency of acylation of the mutated tRNAs in comparison with the respective wild-type molecules. Five of the studied mutations determine both conformational changes and defective acylation, while two have neither or limited effect. However, variations in structure and acylation are not necessarily correlated; the remaining mutation affects the tRNA conformation, but not its acylation properties. Analysis of tRNA structures and of mitochondrial and cytoplasmic yeast tRNA sequences allowed us to propose explanations for the observed defects, which can be ascribed to either the loss of identity nucleotides or, more often, of specific secondary and/or tertiary interactions that are largely conserved in native mitochondrial and cytoplasmic tRNAs.
INTRODUCTION
The biogenesis of mitochondria requires the coordinated expression of genes located both on nuclear and mitochondrial (mt) DNA. The mt genome encodes components of the mitochondrial protein synthesis machinery including, in yeast, 24 tRNAs, the large and small mt rRNAs, the ribosomal protein var1, and the 9S RNA necessary to mature the 5 0 -end of the tRNA precursors. Mutations in one of these genes can result in defective mitochondrial protein synthesis and, consequently, in respiratory deficiency.
A number of point mutations in yeast tRNA genes have been described (Berlani et al. 1980; Najarian et al. 1986; Zennaro et al. 1989; Francisci et al. 1998; Rohou et al. 2001; Feuermann et al. 2003) . The mutations may lead to faulty maturation of precursor tRNAs (due to the lack of recognition of the tRNA precursor by the maturation enzymes) or result in the production of mature but nonfunctional tRNA; therefore, the study of these mutants might reveal features of mitochondrial tRNAs necessary for their function and/or recognition by cognate proteins. These mutants can also be useful to identify the nuclear genes, the products of which interact with the mitochondrial tRNAs.
We describe here the detailed characterization of eight tRNA mutants originally isolated by Berlani et al. (1980) . The mutations were located in five different tRNA genes, and in all cases, sequencing analysis revealed a single base change (one insertion, one deletion, and six base substitutions). We studied the presence and acylation properties of all of these mutated tRNAs by Northern blot experiments and compared them with the respective wild-type molecules. Mapping of our experimental data on tRNA sequences and structures enabled us to draw conclusions about the relationships between the modifications introduced by the mutations in the tRNAs and the defective yeast phenotype.
RESULTS

Identification of the mutations
The mutants used in this work had been selected by Berlani et al. (1980) on the basis of slow, thermosensitive, or defective cell growth on glycerol-containing media. We have performed a more extensive characterization of their growth in glycerol at 28 C and 37 C, which is reported in Figure 1 . For each mutated strain, the region of the mt DNA where the mutation had been roughly located was amplified by PCR and sequenced. The location of each mutation and the growth phenotype are reported in Table 1 . In Figure 2 , we show the deduced cloverleaf structure for the wild-type tRNA Gln , where the changes occurring in each mutant are highlighted. The tRNA ''L''-shaped molecule is composed by the acceptor (AA), dihydrouracil (D), anticodon (AC), and TCC (T) stems, and by the dihydrouracil, anticodon, variable (V), and TCC loops. The AA and T stems form one continuous double-helical arm, while the D and anticodon stems form the other long doublehelical arm of the ''L''. Tertiary interactions are mediated by nonstandard base interactions at the junction of the two helices, where the loop regions of the T and D arms form an elbow.
In the same figure, we also show the partial cloverleaf structures of the tRNA regions where other mutations were located. Sequencing revealed one insertion at position 5, one substitution at position 6, and one substitution at position 10 in tRNA Gln (mutants ins5U, C6U, and G10U, respectively); one G51A substitution in the tRNA His TCC stem, one G36A transition in the AC loop for mutant G36A and one U45 deletion in the V loop for mutant U45D of the tRNA Arg2 , one U41C substitution in the tRNA Ile anticodon stem and one C66U transition in the AA stem of tRNA Cys .
Transcription and acylation of the mutated tRNAs
For each mutant, we checked the presence of the mature specific tRNA by Northern blot experiments followed by hybridization to a 5 0 -end-labeled oligonucleotide complementary to the studied mt tRNA.
Routinely, transcripts were separated in both completely and partially denaturing gels. In completely denaturing, agarose (data not shown) or polyacrylamide gels (see example in Fig. 3B ), the mutated tRNAs were in all cases present in similar amounts to the wild-type and comigrated with the wild-type molecules, indicating that they have the same size and that no processing defects are present. In partially denaturing polyacrylamide gel (shown in Figs. 3, 4, 5) , some of the mutated tRNAs had a lower mobility compared with the wild-type molecules, which we ascribe to a structural change. Additionally, we tested the acylation state of all mutated tRNAs by comparing their migration pattern to that of the wild-type molecules in acidic-gel. The presence of acylated tRNAs was inferred by a change in mobility following the deacylation treatment (see Materials and Methods) .
Hybridization experiments were repeated at least three times, and in all cases, the same RNA sample (crude extract or treated for deacylation) was hybridized with a different mt-tRNA probe to ascribe the molecular defect to the specific tRNA mutation and not to a general effect, for example, on the protein synthesis process (lower panels of Figs. 3A, 4B, 5C bottom). To investigate a possible temperature effect on the mutated tRNAs, all hybridization experiments were performed with samples extracted from cells grown at 28 C and 37 C.
Mutants C6U, G10U, and ins5U of tRNA Gln Figure 3A , upper panel, shows the mobility of the wild-type tRNA Gln and of the three mutated tRNA Gln (C6U, G10U, and ins5U) in partially denaturing acrylamide gel. In Figure 3A , bottom panel, the correspondent control with a mt Gly probe is shown. The three mutated tRNAs Gln migrate more slowly than the wild-type, indicating that a structural change has occurred. In fact, in totally denaturing gel (Fig. 3B) , the C6U mutated molecule comigrates with the wild-type tRNA Gln . The effect of the mutations on tRNA aminoacylation is shown in Figure 3C . In the wild type, the deacylated form of tRNA Gln , migrating faster, can be distinguished from the aminoacylated one. The deacylation treatment had no effect on the C6U-and G10U-mutated tRNAs; therefore, we can hypothesize that the mutations C6U and G10U in tRNA Gln abolish acylation. The effect of the insertion at position 5 (ins5U) on tRNA aminoacylation is less evident. However, a lower proportion of acylated molecules was present compared with the wild type, and they were completely deacylated by the alkaline treatment. The different migration of the deacylated wild-type and mutated tRNAs suggests that the conformation of the mutant differs from that of the wild-type molecule (Fig. 3C ).
Mutant G51A of tRNA His Figure 4 shows the Northern blot experiment of total mt RNAs extracted from wild-type and mutant G51A cells and separated in acrylamide gels. Hybridization with the ''His probe'' (Fig. 4A,C) shows two strong signals present in both wild-type and mutant extracts. Bands from mutant cells, grown at 28 C and 37 C, migrate more slowly than the wild-type samples (Fig. 4A) , while the mobility is the same in the control experiment (hybridization with ''Cys probe'') ( Fig. 4B) . In order to obtain information on the peculiar double band shown by tRNA His , we tested it for acylation (Fig. 4C) . The gel shows the two bands corresponding to the acylated and deacylated tRNA His . In wildtype cells, a large amount of mt tRNA His is present in the uncharged faster migrating form, and the deacylation treatment strongly increases this signal, allowing it to be identified as the mature uncharged tRNA His . A similar pattern is observed for the G51A mutant. As we are measuring the level of acylated tRNAs in vivo, our results are not in contrast with those previously reported by Berlani et al. (1980), who did not find acylated-tRNA in RPC-5 histidyl tRNA chromatograms. The absence of acylated tRNA His observed in the in vitro acylation experiment may be, at least partially, determined by reactions occurring during extraction procedures. Moreover, the different migration of the mutated molecule suggests that its conformation is likely to differ from that of the wild-type molecule in these conditions (Fig. 4C) .
Mutants G36A and U45D of tRNA
Arg2
The deacylation treatment of the sample extracted from wild type had a limited effect on the tRNA Arg2 electrophoretic mobility (Fig. 5A,B) ; the faint faster-migrating band observed after the alkaline treatment is difficult to interpret, and may be a consequence of a partial deacylation or of a fragmentation of the tRNA Arg2 . The electrophoretic mobility of mature G36A tRNA Arg2 (Fig. 5A ) obtained after the deacylation treatment (Fig. 5A, For mutant C66U (Fig. 5C ), we observed a defect in aminoacylation, indicated by the similar electrophoretic migration of the alkaline treated and untreated samples (Fig. 5C, top panel) . The aminoacylation defect is specific for tRNA Cys , because no defect is observed in the same RNAs preparation with the Mutants are indicated by their mutation type and position, according to the standard tRNA numbering (Sprinzl et al. 1998) . Whenever the standard numbering differs from the specific tRNA sequence numbering, the latter is reported in the second column. We defined the glycerol growth as absent (À), slow (+/À) or normal (+) (compared with the wild-type growth). 
tRNA
Gln probe (Fig. 5C , bottom panel). The mutated tRNA Cys presents a different electrophoretic mobility compared with the wild type (Fig. 5C , top panel), suggesting an alternate tRNA structure as well. In wild-type and in mutant U41C, both the acylated and deacylated forms of tRNA Ile were present (as already observed for tRNA His ) and had the same electrophoretic mobility (data not shown), indicating that the two molecules had similar conformation and were equally recognized by the cognate aminoacyltRNA synthetase.
tRNA sequence and structure analysis
To rationalize the experimentally determined effects of the mutations, we performed an analysis of the available yeast tRNA sequences and three-dimensional tRNA structures.
The results of the analysis of yeast tRNA sequences are summarized in Table 2 . Yeast mitochondrial tRNAs do not appear to deviate significantly from the well-conserved architecture observed in most organisms (Dirheimer et al. 1995) in the length of the different stems and loops and in the number of each type of base pairs that they contain.
The average number of WC and non-WC base pairs, mismatches, insertions, and deletions in the stem regions is also very similar between cytoplasmic and mitochondrial tRNAs. However, the WC base pairs are different; cytoplasmic tRNAs have a G-C/A-U base-pair ratio of about 2:1, whereas in mitochondrial tRNAs, this ratio is reversed (Table 2 ). Due to their decreased content of G-C pairs, yeast mitochondrial tRNAs should have a lower intrinsic thermodynamic stability than their cytosolic counterparts. This is similar to what happens in higher mammals. The sequences of these mt tRNAs differ significantly from canonical bacterial and cytoplasmic tRNAs. In particular, the tRNAs functioning in human mitochondria have been postulated to be less thermodynamically stable, as they generally contain higher numbers of mismatches and AU base pairs (Helm et al. 2000, Wittenhagen and Kelley 2003) .
Because of the inferred structural similarity between yeast mitochondrial and cytoplasmic tRNAs (Table 2) and canonical tRNAs from other species (Bloomfield et al. 2000a) , the available three-dimensional structures of cytoplasmic tRNAs can be used as templates to model the tertiary interactions occurring in yeast mitochondrial tRNAs. The location of the analyzed mutations in the context of the three-dimensional structure of yeast cytosolic tRNA Asp (Westhof et al. 1988 ) is shown in Figure 6 . For each mutation, we analyzed the frequency of occurrence of the mutated nucleotides and of the resulting base pairings in wild-type yeast tRNA sequences, estimated the likelihood that the mutated nucleotides are compatible with canonical tertiary interactions, and verified whether they have been previously identified as identity nucleotides, i.e., nucleotides necessary for recognition by the cognate aminoacyl-tRNA synthetase (Giegé et al. 1998 ). Moreover, we analyzed the available threedimensional structures of tRNA complexes with the cognate aa-RS or EF-Tu determined with resolution of 3.3 Å or better, to evaluate whether the mutations might affect the steady-state aminoacylation levels in vivo by impairing interactions with protein partners.
Given the high sequence identity (72%) between Thermus aquaticus and yeast EF-Tu, and the fact that T. aquaticus EF-Tu binds Escherichia coli tRNA Cys (PDB FIGURE 3. Northern blot analysis of mitochondrial transcripts, i.e., total RNAs extracted from purified mitochondria isolated from the indicated tRNA Gln mutant or wild-type strains and fractionated on partially (A,C) or totally denaturing (B) acrylamide-urea gels. Hybridization was with the 5 0 -end-labeled tRNA Gln -probe (A, top panel; B;C) or with the 5 0 -end-labeled tRNA Gly -probe, as control (A, bottom panel). In C, mt RNAs were extracted under acidic conditions from cells grown at 28 C and 37 C and treated to deacylate the tRNAs (De) (see Matherials and Methods). code: 1b23) and yeast tRNA Phe (PDB code: 1ttt) in essentially the same way, the interactions established between yeast tRNAs and EF-Tu are likely to be similar to those observed in the known structures, involving the AA stem and T arm (Fig. 7A) .
The results of our frequency analysis for each of the mutated bases, the expected effect of the mutations on the tRNA secondary and tertiary structure, the role of these positions as identity nucleotides in other tRNA molecules, and/or their involvement in contacts with EF-Tu in known structures are reported in Table 3 . Experimental results on the conformational and acylation properties of mutated tRNAs are summarized in the same table.
DISCUSSION
Previous studies have analyzed the consequences of point mutations in yeast mt tRNA genes that impair or abolish different aspects of tRNA functionality, and therefore the ability of the mutated strains to perform mitochondrial protein synthesis or to grow on glycerol medium (Berlani et al. 1980; Najarian et al. 1986; Francisci et al. 1998; Zennaro et al. 1998 , Rohou et al. 2001 Feuermann et al. 2003) . Among the most common effects, there are defects in maturation, stability, and aminoacylation. In order to identify the factors required for tRNA molecules to assume a correct three-dimensional structure and/or perform their function, we have studied the behavior of eight mutants of yeast mitochondrial tRNAs and of the respective wild-type tRNAs in partially denaturing gel conditions and after deacylation treatment.
We analyzed the available sequences of yeast mitochondrial and cytoplasmic tRNAs and the three-dimensional structures of cytoplasmic tRNAs to localize the mutations in the context of tRNA structure, and try to rationalize their effect on tRNA conformation and acylation state. As our analysis of tRNA sequences suggests that yeast mitochondrial tRNAs assume the canonical secondary and tertiary structures shared by the cytosolic tRNAs of most species (Bloomfield et al. 2000a ), we could take advantage of the available three-dimensional structures of cytosolic tRNAs to model tertiary interactions occurring in yeast mt tRNAs.
Of the eight studied mutations, the five occurring in the AA and D stems and in the V loop (see Table 1 ; Fig. 2 ) cause both conformational and acylation defects. The substitution in the T stem shows only conformational defect. Mutants with substitutions in the AC arm show no acylation defect, with the only exception the G36A mutant grown at 37 C, where a marginal effect on acylation could be detected.
AA stem
The conformational defects caused by the two substitutions (C6U of tRNA Gln and C66U of tRNA Cys ) occurring in the AA stem might be due to the replacement of base pairs in the stem regions with less stable and/or less frequently observed pairs (see Table 3 ). The insertion at position 5 of tRNA Gln might introduce a distorsion in the AA helix (especially since the adjacent pair is the non-WC base-pair G4U69).
The effect of these three mutations on the aminoacylation state of the tRNA molecules can be either due to a partial misfolding of the tRNA molecule and/or to the loss of specific tRNA interactions with proteins affecting the steady-state levels of acylated tRNA, like aa-RS or EF-Tu (see Table 3 ). Indeed, most identity nucleotides experimentally identified to date and tRNA positions in contact with synthetase residues in known structures are located in the AA and AC arms (Giegé et al. 1998) , and nucleotides at positions 5, 6, and 66 are likely to affect the interactions with EF-Tu (see Fig. 7A ; Table 3 ). Additionally, several lines of evidence indicate that the presence of identity nucleotides can be sufficient for recognition by aminoacyl-tRNA synthetases in the absence of a complete L-shape arrangement, and even in the case of some ''reduced'' tRNA structures, missing entire tRNA loops or stems. On the other hand, it is also known that specific architectural features can be identity elements for some tRNAs (Giegé et al. 1998) , and the lower thermodynamic stability of mitochondrial tRNAs might make them more sensitive to single-base mutations than their cytoplasmic counterparts. Therefore, it cannot be excluded that distorsions in the tRNA secondary structure and loss of conserved tertiary interactions might produce three-dimensional shapes which deviate from those optimized to interact with their cognate proteins, including aminoacyl-tRNA synthetases and/or EF-Tu.
D stem
The substitution occurring at position 10 of tRNA Gln determines the replacement of a G-U pair with the less stable U-U mismatch, which is never observed at position 10-25 in yeast tRNA sequences (see Table 3 ), and only three base pairs are left to form the D stem structure (Fig. 2) . Furthermore, G10 is involved in conserved tertiary interactions with the guanosine at position 45, located in the V loop. The nucleotide (nt) 10 is not in contact with EF-Tu ( Fig. 7 ; Table 3 ), but the guanine at this position and its base-pair partner at position 25 are identity elements for yeast cytoplasmic tRNA Asp (Putz et al. 1991 (Putz et al. , 1993 Giegé et al. 1998 ) and T. thermophilus tRNA Gly (Giegé et al. 1998) . Moreover, G10 is an identity nucleotide for E. coli tRNA Gln and for E. coli and T. thermophilus tRNA Asp (Giegé et al. 1998) . Although this suggests that G10 might be an identity nucleotide for mt yeast tRNA Gln as well, the behavior of this mutant in partially denaturing gel conditions indicates that a conformational effect due to misfolding of the tRNA structure cannot be excluded.
T stem
The mutation G51A of tRNA His determines different migration in partially denaturing gel conditions with respect to the wild-type molecule, but no defect in aminoacylation. Following this substitution, the highly stable G-C pair at positions 51-63 of the T stem is replaced by an A-C mispair, which is never observed at those positions in yeast tRNAs (see Table 3 ). The T loop, located at the end of the T stem, plays a crucial role in the establishment of the tertiary interactions determining the threedimensional arrangement of tRNAs. Distorsions of the T stem could affect these interactions and the whole structure of the tRNA molecule, and might therefore be the cause of the misfolding observed for this mutant. However, the observed acylation of this molecule indicates that neither the conformational change caused by this substitution or the possible loss of the interactions between the nucleotide at position 51 and EF-Tu observed in the known structures (see Fig. 7A ; Table 3 ) prevent recognition by the cognate proteins. Consequently, nt 51 is not an identity element of yeast mt tRNA His , as well as of other tRNAs (Giegé et al. 1998 ).
AC stem
The mutation U41C of tRNA Ile does not show either conformational or acylation defects, in agreement with the absence of a defective glycerol growth phenotype observed (see Fig. 1 ). The lack of effects on the tRNA acylation state indicates that position 41 is neither an identity nucleotide for yeast mitochondrial tRNA Ile or necessary for recognition by EF-Tu, in agreement with the lack of contacts with this protein in the known structures (see Fig. 7A ).
AC loop
Nucleotide G36 of tRNA Arg2 is located in the AC loop, which is highly variable in the analyzed tRNA structures, so that mutations in its bases are not expected to affect either the secondary or tertiary structure of tRNAs. However, several data indicate that the anticodon (positions 34-36) plays a crucial role in the selection of tRNAs by aminoacyltRNA synthetases (Rould et al. 1991; Li et al. 1993 ) and, as discussed above, positions 36 and 35 are known identity nucleotides for yeast cytoplasmic tRNA Arg (Fig. 7B ). These FIGURE 6. Mapping of the eight mutations described in this work on the secondary structure scheme of a tRNA molecule (A), and on the three-dimensional structure of yeast cytosolic tRNA Asp (B) (Westhof et al. 1988) . In A, the standard numbering (Sprinzl et al. 1998 ) and the conserved nucleotides (Bloomfield et al. 2000a) 
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Properties of mutated mitochondrial tRNAs observations, together with the observed lack of contacts of this tRNA position with EF-Tu in the known structures, lead us to conclude that the nucleotide at position 36 is an identity nucleotide for mt tRNA Arg2 , as well as for its cytoplasmic counterpart.
As far as tRNA Arg2 is concerned, it is worth mentioning that, among all studied wild-type aminoacyl-tRNAs, this is the only one which is not completely deacylated by the alkaline procedure, possibly as a consequence of the higher amount of RNA that it was necessary to treat and load on the gel to visualize the tRNA Arg2 , or because for this particular molecule, our gel electrophoretic conditions are not appropriate to separate the acylated from the deacylated tRNA Arg2 . We might even speculate that aminoacyltRNA Arg2 is more resistent to deacylation than the other tRNAs examined in this work, possibly to compensate for its low transcription level.
V loop
The deletion U45D in the V loop of tRNA Arg2 is likely to have a significant effect on the L-shaped tertiary structure. The usual length of V loops in class I tRNAs is 3-4 nt, and can be much longer in the case of class II tRNAs (Brennan and Sundaralingam 1976) . In canonical tRNAs (Giegé et al. 1998) , three nucleotides from the V loop are involved in conserved tertiary interactions with the D arm; the nucleotides at positions 45 and 46 interact with the 10-25 and 13-22 base pairs, respectively, and the conserved C48 gives a reversed Watson-Crick base pair (Bloomfield et al. 2000b ) with G15. In a 2-nt-long V loop, one of these three canonical interactions would be lost. Additionally, the V loop is not involved in contacts with EF-Tu (see Fig. 7A ) or in recognition by synthetases in the wide majority of analyzed tRNA molecules (Giegé et al. 1998) , and position 45 is not known to be an identity element for yeast cytosolic tRNA Arg or other tRNAs, nor it is ever in contact with synthetases in any of the available complex structures. As an example, the structure of the cytoplasmic yeast tRNA Arg in complex with the parent synthetase (Fig. 7B) shows that nt 45 is located in a region of the tRNA structure opposite to the enzyme-bound surface. The cytoplasmic and mitochondrial yeast arginyltRNA synthetases are highly homologous, sharing 60% sequence identity, and the known identity nucleotides (C35 and G36) in yeast cytoplasmic tRNA Arg are conserved in the mitochondrial tRNA Arg2 , suggesting a similar mode of binding for the two molecular systems. Hence, the defect in the acylation state of this mutant is more likely to be determined by the distorsion of the tRNA Arg2 tertiary structure caused by the deletion than to the loss of an identity determinant or of specific interactions with EF-Tu.
In summary, although none of the mutations studied in this work is located in a universally conserved position of the corresponding tRNA molecule (Fig. 6) , most of them determine the loss of favorable secondary or tertiary interactions occurring with high frequency in wild-type yeast mitochondrial and cytoplasmic tRNA sequences (Table 3) , which might be necessary for the assumption of a correct structure by the tRNA and/or for its ability to interact with the cognate proteins. According to the observed behavior in partially denaturing acrylamide gel, the tRNA structure is affected by mutations occurring in all regions of the tRNA molecule with the exception of the AC arm, in agreement with a functional rather than structural role of this region and with its lack of contacts with other regions of the tRNA molecule. Only two sequences have a non-WC G-U bp at positions 6-67. In three sequences the AA stem contains two non-WC bp (at positions 2-71 and 7-66, 1-72 and 2-71, and 3-70 and 4-69, respectively); however, two non-WC at positions 4-69 and 6-67 are never observed.
Ten sequences have a non-WC G-U bp at positions 6-67 (and six sequences have T-T/U-U mispairs).
Five of them have a second non-WC G-U bp at positions 2 (four cases) and 5 (one case). Two non-WC bps at positions 4-69 and 6-67 are never observed.
No direct involvement.
Not known as an identity element for yeast cytosolic tRNAs or any other analyzed tRNA molecules.
No direct contact of position 6, but its base-pair partner (position 67) is hydrogenbonded to EF-Tu (see Fig. 7A ). The A-C pair is never observed at positions 51-63. However, one sequence has the non-WC G-U pair at position 51 and two sequences have insertions at position 51. Non-WC G-T/U bps, and C-T/U or T-T/U-U mismatches are found at positions 49-65 and 50-64 in the T stem.
The A-C pair is never observed at positions 51-63; however, G-T/U and T-T/U-U pairs are found at this position (as well as at positions 49-65, 50-64, and 52-62) , and A-C is found at positions 50-64 and 52-62.
No direct involvement, but the T loop, at the end of the T stem, establishes tertiary interactions necessary for tRNA three-dimensional arrangement.
Not known as an identity element for yeast cytosolic tRNA His or other tRNAs.
Yes (see Fig. 7A ).
(continued) No contact.
(Pyr) Pyrimidine; (pur) purine; (bp) base pair.
The acylation state is affected by all of the studied mutations except those occurring in the T and AC stem, indicating that positions 51 and 41 are not identity nucleotides for yeast mt tRNA His and tRNA Ile , respectively, and do not take part in essential interactions with EF-Tu. Nucleotide 36 in the AC loop, whose mutation causes acylation but not structural defects, and which is not involved in interactions with EF-Tu, is likely to be an identity nucleotide for yeast mt tRNA Arg2 . Conversely, the acylation defect caused by the U45 deletion in yeast mt tRNA Arg2 is likely to be due to a partial misfolding of its structure.
The results presented in this work contribute to widening our current understanding of the yeast system and might provide the basis to derive more general rules on the sequence-structure function relationships in tRNA molecules, possibly applicable to mitochondrial as well as cytoplasmic tRNAs from other species.
MATERIALS AND METHODS
Media and strains
Strains were grown on complete medium (1% yeast extract and 1% peptone from Difco) containing 2% glucose or 3% glycerol. Media containing 2% galactose were used to collect cells for mt nucleic acids preparation. Minimal medium was 0.17% yeast nitrogen base (DIFCO), 0.5% ammonium sulphate, and 2% glucose, supplemented with the necessary auxotrophic requirements. For plates, 2% agar was added to the medium.
Mutants were isolated by Berlani et al. (1980) from the wildtype strain D273-10B/A1 (MAT, met, rho + ) mutagenized with MnCl 2 . Nuclear mutants were eliminated by crossing with overlapping rho-tester strains, and the mutations located in the tRNA region were selected. For two strains (C66U and G51A) the mutated genes were identified by complementation with rhomutants retaining specific sections of the tRNA region (Berlani et al. 1980 ). Foury et al. (1998) .
Primers and probes
DNA and RNA manipulations
DNA manipulation, restriction enzyme digestion, plasmid engineering, and other standard techniques were performed as described by Saambrook et al. (1989) .
Mitochondrial DNA was isolated as ''miniprep'' from galactosegrowing cells as previously reported by Francisci et al. (1998) . To determine whether the mutated tRNA genes are transcribed in vivo and whether transcripts are stable and correctly processed, RNAs were isolated from purified mitochondria of mutant and wild-type cells grown to mid-log phase in 2% galactose media at 28 C. Since several mutants are temperature sensitive, mitochondria were also extracted after a shift to 37 C. After 4 h, cells were collected and purified mitochondria were prepared following the method of Faye et al. (1974) . Mitochondrial RNAs were extracted in pH 7.5 buffer as described by Baldacci and Zennaro (1982) .
To fractionate mt tRNAs, we used the 6% polyacrylamide-8M urea sequencing gels (40 cm in length). These gels can be partially denaturing (gel electrophoresis conducted in cold room) or completely denaturing (gel electrophoresis conducted at room temperature); they are the most informative gels used, in that they can distinguish a single-base insertion or deletion in tRNAs (Saambrook et al. 1989) . We have previously shown (Rinaldi et al. 1994; Feuermann et al. 2003 ) that mutated tRNAs can have lower electrophoretic mobility than wild-type tRNAs in partially denaturing condition. Here, we show that this is not accompanied by a change in electrophoretic mobility in completely denaturing gels, and can therefore be ascribed to structure alteration. Sequencing gels were used to analyze tRNA aminoacylation according to the following procedure: mt tRNAs were extracted from wild-type and mutant cells under acidic conditions (pH 5), subjected to alkaline treatment (incubation in 0.2 M Tris-HCl at pH 8.8 at 37
C for 90 min) to hydrolyze the ester linkage between the tRNA and the cognate amino acid, and fractionated in 0.1 M sodium acetate buffer (pH 5). In these acidic conditions, a different electophoretic migration between the mutant and wild-type tRNA molecules after the deacylation treatment is likely to be determined by their different conformation. On the other hand, a different electrophoretic migration between samples subjected or not to alkaline treatment is likely to occur only when RNAs extracted from the cells are correctly acylated. Electrophoresis and hybridization conditions were as reported by Varshney et al. (1991) , with minor modifications. The tRNAs electrophoretic mobility was also tested on partially denaturing 1.5% agarose, 8 M urea gels, or totally denaturing 1.5% agarose, formaldehyde 37% v/v (data not shown). About 10mg of RNA were loaded in each slot, as verified by comparison with the amount of ribosomal mt RNA on agarose TBE gel electrophoresis. To only visualize tRNA Arg2 of both wild-type and mutated strains, it was necessary to load about 100mg RNA.
PCR reaction mixture and cycles for mt DNA amplification were carried out as described in Rohou et al. (2001) .
tRNA sequence and structure analysis
We analyzed 91 nonredundant yeast tRNA sequences (61 from cytoplasm and 30 from mitochondria) downloaded from the ''Compilation of tRNA sequences and sequences of tRNA genes (August 2003 edition)'' (Sprinzl et al. 1998) . For each sequence, we recorded the length of the stems of the loops and of the connector segments, the number of Watson and Crick (WC) base pairs, and the number of mismatches, insertions, and deletions in the stems.
Nineteen nonredundant structures of free tRNAs (PDB identifiers ([Ds]: 2tra, 1ehz, 1fir), tRNA-synthetase (aa-RS) complexes (PDB IDs: 1f7u, 1asz, 1il2, 1c0a, 1o0c, 1n78, 1ffy, 1eiy, 1h4s, 1qf6, 1h3e, 1ser, 1j1u, 1ivs) and tRNA-elongation factor Tu (EF-Tu) complexes (1ttt, 1b23) determined by X-ray crystallography at a resolution of 3.3 Å or better were collected from the PDB data archive (Berman et al. 2000) . Structure analysis was performed using the software InsightII (Dayringer et al. 1986 ). Using the set of tools available in the package, we analyzed hydrogen-bond patterns, contacts, and accessible surface areas for each of the structures. Models of the mutants were built by manually replacing individual nucleotides. The crystal structures of yeast cytosolic tRNA Asp , PDB ID: 2tra (Westhof et al. 1998) , of yeast cytosolic tRNA Phe in complex with EF-Tu, PDB ID: 1ttt (Nissen et al. 1995 ) and of yeast cytosolic tRNA Arg in complex with the cognate arginyl-tRNA synthetase, PDB ID: 1f7u (Delagoutte et al. 2000) were used as templates.
